Résumé. -Des résultats théoriques et expérimentaux sur le transport latéral dans des hétérojonctions sont présentés. On a montré que le changement des conditions aux limites (périodiques ou non) donne naissance à une série de nouveaux effets prometteurs d'applications aux composants. Ces effets seront présentés en insistant sur l'analogie entre l'espace réel et l'espace des k.
The major impetus t o t h e interest i n l a t e r a l t r a n s p o r t i n h e t e r o l a y e r s came from t h e experimental v e r i f i c a t i o n o f modulation doping by Dingle e t a l . [ 9 ] .
I n small h e t e r o l a y e r s charge n e u t r a l i t y need not be conserved ( i n a f i r s t approximat i o n ) and donors and e l e c t r o n s can b e separated over d i s t a n c e s much l a r g e r than t h e e f f e c t i v e Bohr r a d i u s . For example, i f one dopes A 1 Ga As neighboring t o GaAs x 1-x t h e e l e c t r o n s move t o t h e m a t e r i a l w i t h t h e lower band gap i f t h e band edge discont i n u i t y (a f u n c t i o n of x ) is s u f f i c i e n t l y l a r g e . The e l e c t r o n s a r e then separated from t h e i r p a r e n t donors and experience much reduced impurity s c a t t e r i n g . I n 1979
we r e a l i z e d [ 3 ] t h a t t h e i n v e r s e of t h i s e f f e c t can happen i n a high e l e c t r i c f i e l d p a r a l l e l t o t h e i n t e r f a c e (not perpendicular, which was proposed by E s a k i i n a d i f f e r e n t context [ l o ] ) . E l e c t r o n s a r e a c c e l e r a t e d by high f i e l d s and move up t h e (2 o r 3 dimensional) continuum of s t a t e s i n t h e GaAs u n t i l t h e y reach enough energy t o t r a n s f e r out. Then t h e y a r e p u l l e d back by t h e p o s i t i v e l y charged donors. It i s c l e a r t h a t then t h e e l e c t r o n s experience s t r o n g impurity s c a t t e r i n g and n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e can occur. These a r e t h e major i d e a s which w i l l be presented in d e t a i l .
I n t h e second s e c t i o n I w i l l d e s c r i b e t h e t h e o r y of t h e low f i e l d c o n d u c t i v i t y i n h e t e r o l a y e r s and t h e major d i f f e r e n c e s of t h e s c a t t e r i n g mechanisms t o bulk m a t e r i a l .
Then t h e t r a n s f e r mechanism and t h e g e n e r a l corre-+ spondence of k-space-real-space e f f e c t s w i l l be discussed. T h i s s e c t i o n i s followed by experimental r e s u l t s conf i n n i n g t h e real-space t r a n s f e r e f f e c t and d e s c r i b i n g l a t e r a l t r a n s p o r t i n t h e Ohmic, warm e l e c t r o n and hot e l e c t r o n range. F i n a l l y , i n t h e conclusion I w i l l p r e s e n t an o u t l o o k on f u t u r e p r o s p e c t s i n t h i s a r e a .
A n a l y t i c a l Considerations

Conductivity in t h e Ohmic Range
The i d e a l i z e d modulation-doped s t r u c t u r e (e.g., AlxGal-xAs-GaAs) i s shown i n F i g u r e 1 a -c . Fig. l a r e p r e s e n t s t h e conduction band edge f o r a n e g l i g i b l e e f f e c t of t h e space charge. The d i s t a n c e d i s t h e spacing i n t h e A 1 Gal-xAs l a y e r which i x i s f r e e of i n t e n t i o n a l doping. z i s t h e d i s t a n c e of t h e doping from t h e maximum of t h e s q u a r e of t h e e l e c t r o n envelope wave-function f o r t h e lowest quantum s t a t e E which i s above t h e GaAs conduction band edge Ec. I n Fig. l b , I have made v i s ib l e t h e e f f e c t of t h e space charge which causes some band bending. Note t h a t zo i s s t i l l about t h e same. I n Fig. l c t h e band bending i s s o s t r o n g t h a t two quasitwo-dimensional l a y e r s form, one a t each i n t e r f a c e . z i s then much smaller. A s we w i l l s e e , t h e s c a t t e r i n g r a t e f o r ionized impurity s c a t t e r i n g i s then s t r o n g l y increased because it depends s e n s i t i v e l y on t h e d i s t a n c e zo. T h i s d i s t a n c e causes t h e major r e d u c t i o n of impurity s c a t t e r i n g ; a l l t h e o t h e r e f f e c t s such a s twodimensionality have a s m a l l e r i n f l u e n c e on t h e s c a t t e r i n g rate and m o b i l i t y .
A r i g o r o u s t h e o r y which e x p l a i n s t h e observed d a t a h a s t o i n c l u d e multisubband conducPion and multisubband screening of remote and background i m p u r i t i e s .
It must a l s o t a k e i n t o account i n t e r f a c e and bulk p o l a r o p t i c a l phonons. Also, t h e continuum approximation f o r t h e b u i l t -i n f i e l d (Fig. 1 ) i s r a t h e r poor. I n t h e following we u s e a simple model, which i g n o r e s t h e s e d e t a i l s . W e can expect t h a t Fig. 1 : Schematic diagram of t h e conduction band edge in modulation-doped GaAs-A1 Ga A s x 1-x l a y e r s including (a) no band bending (b) moderate band bending ( c ) s t r o n g band bending Note t h e change i n zo, which i s t h e d i s t a n c e of t h e donors t o t h e maximum e l e c t r o n charge d e n s i t y . t h i s model d e s c r i b e s t h e t r a n s p o r t i n modulation-doped s t r u c t u r e s w i t h i n a f a c t o r of two o r so. Our model i s purely two-dimensional w i t h r e s p e c t t o t h e e l e c t r o n s .
I n r e a l i t y , however, more than one subband w i l l be populated and s c a t t e r i n g channels (intersubband s c a t t e r i n g ) a r e opened. This can i n c r e a s e t h e s c a t t e r i n g r a t e by about 113 over t h e p u r e l y two-dimensional r a t e . A c a r e f u l d i s c u s s i o n of t h i s e f f e c t was given by P r i c e [ I l l .
The e l e c t r o n d i s t r i b u t i o n i s approximated by a 6-like s h e e t of e l e c t r o n charge l o c a t e d a t z = 0 where z i s t h e d i r e c t i o n ~e r~e n d i c u l a r t o t h e l a y e r s . The donor i m p u r i t i e s a r e homogeneously d i s t r i b u t e d a t z > z According t o [12,13 1 , t h e 0 ' s c a t t e r i n g r a t e i s given by: where * Here k i s t h e a b s o l u t e v a l u e of t h e e l e c t r o n i c wave v e c t o r , m t h e e f f e c t i v e mass, N t h e remote impurity d e n s i t y , E t h e r e l a t i v e d i e l e c t r i c c o n s t a n t of t h e semi-R conductor, E t h e d i e l e c t r i c c o n s t a n t o f f r e e space, fi is Planck's c o n s t a n t divided by 2a, and S i s t h e two-dimensional screening c o n s t a n t . I n t h e l i m i t of a h i g h e l e c t r o n d e n s i t y , n a t t h e i n t e r f a c e of t h e AlxGal-xAs/GaAs l a y e r s , S i s a cons' s t a n t given by S = 2/ag where ag i s t h e e f f e c t i v e Bohr r a d i u s i n t h e GaAs [I2 I . C7-6 JOURNAL DE PHYSIQUE I f t h e screening i s s t r o n g , s c a t t e r i n g occurs only f o r small v a l u e s of 0(kz > I ) and sin0 can be replaced by 0 i n t h e exponent of equation ( 1 ) . Then
The r e s u l t holds f o r background i m p u r i t i e s a l s o ( i . e . , z = 0 ) and should allow an e s t i m a t e of t h e i n f l u e n c e of i n t e r f a c e charges (kz v e r y small).
I n most p r a c t i c a l c a s e s k may be r e p l a c e d by t h e Fermi wavevector k in e q u a t i o n s (1) and ( 2 ) . This F can be done because Fermi s t a t i s t i c s i s a p p r o p r i a t e a t low temperatures where impurity s c a t t e r i n g i s important. For one subband we have Equations (1) - ( 4 ) g i v e a rough d e s c r i p t i o n of impurity s c a t t e r i n g i n modulationdoped s t r u c t u r e s .
I f t h e t r u e z-dependence of t h e subband envelope f u n c t i o n s is taken i n t o account, t h e formulae a r i s i n g a r e much more involved. The essence of t h e theory, however, i s r e f l e c t e d by equation (3) i f z i s regarded a s a n a d j u s t a b l e parameter . Temperature (K)
YS-83
An example of t h e good f i t of t h e o r y and experimental d a t a i s shown i n Figure   2 where t h e m o b i l i t y of a modulation-doped s t r u c t u r e is p l o t t e d v s temperature.
Note, however, t h a t no s a t i s f a c t o r y explanation h a s been given up t o now f o r extremely h i g h m o b i l i t i e s (2 2 x 1 0 cm /Vs) a t low temperatures (10 K) a s t h e y a r e c u r r e n t l y reached [14 I .
The Warm Electron Range
Warm e l e c t r o n e f f e c t s i n bulk GaAs having low e l e c t r o n d e n s i t i e s can be desc r i b e d p r o p e r l y only by including t h e non-Maxwellian (non-Fermi-type) n a t u r e of t h e d i s t r i b u t i o n f u n c t i o n . The m o b i l i t y i n b u l k GaAs with a h i g h donor c o n c e n t r a t i o n (high e l e c t r o n d e n s i t i e s ) i s very low and t h e r e f o r e warm e l e c t r o n e f f e c t s (below t h e Gunn threshold) a r e n o t u s u a l l y observed. S e l e c t i v e l y doped (Al,Ga)As/GaAs heteros t r u c t u r e s combine t h e unique f e a t u r e of high m o b i l i t i e s a s s o c i a t e d w i t h l a r g e elect r o n concentrations. Warm e l e c t r o n e f f e c t s i n t h e s e s t r u c t u r e s should t h e r e f o r e be t r e a t e d w i t h a model i n c l u d i n g s t r o n g e l e c t r o n -e l e c t r o n i n t e r a c t i o n s . The simplest way of including e l e c t r o n -e l e c t r o n s c a t t e r i n g i s t h e assumption of a Fermi-distribu- The f u l l l i n e s a r e only guides f o r t h e eye t o t h e experimental r e s u l t s .
t i o n a t e l e v a t e d e l e c t r o n temperature T f o r t h e s p h e r i c a l symmetrical p a r t of t h e d i s t r i b u t i o n function.
The c a l c u l a t i o n i s then s t r a i g h t f o r w a r d using t h e two-dimensional model f o r t h e m o b i l i t y a s described above. To c a l c u l a t e t h e c a r r i e r temperature T we can use t h e power balance equation a s derived b e f o r e [ 1 5 ] . (At low temperatures we have t o include t h e power l o s s t o a c o u s t i c modes [161.) Experimental curves f o r a v e r y high
A f t e r Drummond e t a l . [I71 .
I n comparing experimental and t h e o r e t i c a l r e s u l t s , two a s p e c t s a r e apparent.
A t v e r y low f i e l d s t h e t h e o r y p r e d i c t s a d e v i a t i o n from Ohm's law, which i s s t e e p e r t h a n t h e experimentally observed d e v i a t i o n . T h i s discrepancy can be accounted f o r C7-8 JOURNAL DE PHYSIQUE
o n l y by a s s i g n i n g a r e l a t i v e l y l a r g e energy l o s s r a t e t o i n t e r a c t i o n s with phonons.
I n our model a deformation p o t e n t i a l of 10 eV which is r a t h e r l a r g e was assumed.
Therefore, a n explanation seems t o be p o s s i b l e only by a d d i t i o n a l phonon s c a t t e ring processes, such a s p i e z o e l e c t r i c s c a t t e r i n g and multiphonon emission.
At higher e l e c t r i c f i e l d s , t h e r a t e of d e c l i n e i n t h e e l e c t r o n m o b i l i t y d e c r e a s e s , which may be a n i n d i c a t i o n of a lower energy l o s s r a t e than what was used in our model. T h i s type of d e v i a t i o n between t h e o r y and experiment i s t y p i c a l f o r d e v i a t i o n s of t h e d i s t r i b u t i o n f u n c t i o n s from t h e Fermi-shape , which we have assumed. Around 300 V/cm a s l i g h t n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e occurs which could be connected with subband r e p o p u l a t i o n and t h e sudden onset of (two-dimensiona l ) p o l a r o p t i c a l s c a t t e r i n g [18 1 .
. 3 . The Hot Electron Range
The e f f e c t s discussed s o f a r a r e not e n t i r e l y d i f f e r e n t from e f f e c t s observed in MOS-transistors where t h e e l e c t r o n s a l s o a r e quasi-two-dimensional. k t very high e l e c t r i c f i e l d s (2 3000 V/cm), however, new e f f e c t s occur i f t h e band edge discont i n u i t y BE i s small. Since A E i s a f u n c t i o n of t h e A 1 c o n t e n t , i . e . , of x, it can C be a d j u s t e d by varying x. For x Q 0.
t h e band edge d i s c o n t i n u i t y A E is s m a l l e r than t h e energy s e p a r a t i o n of t h e s a t e l l i t e minima. I n o t h e r words, t h e e l e c t r o n s can move out of t h e GaAs b e f o r e t h e Gunn e f f e c t occurs and i n t h i s way cause a r e a lspace n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e i f t h e m o b i l i t y ( a t high f i e l d s ) i n t h e AlxGal-xAs is much lower than t h e m o b i l i t y ( a t high f i e l d s ) i n t h e GaAs. This re-
q u i r e s , of course, heavy doping i n t h e A1 Ga As. I n o r d e r t o d e p l e t e t h e x 1-x A 1 Gal-xAs a t low f i e l d s completely i t may be necessary t o compensate t h e m a t e r i a l . X I n t h e v e r y f i r s t p u b l i c a t i o n on t h i s e f f e c t we assumed t h a t a r a t h e r wide l a y e r o f A 1 GalvxAs is necessary f o r a h i g h p e a k . t o -v a l l e y r a t i o s o t h a t t h e e l e c t r o n r e a l l y X would "get l o s t " i n t h e poorly conducting A 1 Ga A s . The experiments showed, x 1-x however, t h a t t h e a c t u a l t h i c k n e s s of t h e A 1 Gal-xAs i s r a t h e r u n e s s e n t i a l p o s s i b l y X because t h e p o s i t i v e donors a t t r a c t t h e e l e c t r o n s s t r o n g l y enough t o keep them i n even small (-1500 2 i n our experiments) l a y e r s provided t h e e l e c t r i c f i e l d i s high enough.
The d e t a i l s of t h e real-space t r a n s f e r mechanism a r e f a i r l y complicated and cannot be derived a n a l y t i c a l l y . Nevertheless, one can g i v e e x p l i c i t d e s c r i p t i o n s f o r t h e most important f e a t u r e s . Therefore, I w i l l t r e a t t h e speed, t h e c r i t i c a l f i e l d , t h e s c a t t e r i n g mechanisms and t h e t r a n s f e r i t s e l f below and t h e n p r e s e n t t h e r e s u l t s of Monte Carlo c a l c u l a t i o n s performed by Glisson e t a l . 151 .
To c a l c u l a t e t h e switching speed we observe t h a t t h e p o t e n t i a l w e l l s i n Fig. 1 a r e s i m i l a r t o t h e s t e p -l i k e w e l l s i n charge coupled d e v i c e s , where e l e c t r o n s move by d i f f u s i o n from one g a t e t o another. Using t h i s analogy, we o b t a i n t h e time t which t h e e l e c t r o n s need t o f a l l back t o t h e GaAs l a y e r a f t e r switching o f f t h e "heating" f i e l d [ 4 ] :
where L2 is t h e t h i c k n e s s of t h e AlxGal-xAs l a y e r , and D i s t h e d i f f u s i o n c o n s t a n t i n t h e A 1 Gal-xAs. T h i s formula i s v a l i d only a s long a s t h e d i f f u s i o n concept a p p l i e s and t h e mean f r e e p a t h f o r phonon emission X i s s m a l l e r than L1, t h e ph t h i c k n e s s of t h e GaAs l a y e r .
I f X i s longer than L1, t h e p r o b a b i l i t y of an e l e cph t r o n being captured i n t h e w e l l i s reduced by L1/Xph.
Thus we have 2 For t y p i c a l v a l u e s such a s Ll = L2 = 400 8, h < cm, and D = 1 cm Is, we -11 ph o b t a i n t s < 1 . 6 2~1 0 s, which i s a n a t t r a c t i v e l y s h o r t time f o r a v a r i e t y of a p p l i c a t i o n s . Of course, one must add t h e time r e q u i r e d f o r h e a t i n g and cooling of t h e e l e c t r o n s , about 5 x 10-l2 s , t o ts. I n d e r i v i n g Eq. ( 6 ) , it was assumed t h a t t h e r e i s no p o t e n t i a l b a r r i e r caused by t h e ionized donors i n t h e AlxGal-xAs. The p o t e n t i a l b a r r i e r c r e a t e d by such donors i s comparable t o kTL/e f o r an A 1 Ga A s x 1-x l a y e r width of 600 8, a n e t donor doping c o n c e n t r a t i o n of 1016 ~m -~, and TL = 300 K.
Of course, t h e continuum approximation i s poor and t h e A1 Ga
A s h a s t o be s t r o n g l y x 1-x compensated t o achieve low m o b i l i t y .
I f t h e l a y e r s a r e v e r y t h i n and t h e p o t e n t i a l b a r r i e r c r e a t e d by t h e donors is high, t h e d i f f u s i o n concept breaks down and t h e back t r a n s f e r w i l l be "thermionic emission" l i m i t e d . The p r i n c i p l e s of t h e thermionic emission c u r r e n t a r e w e l l known and we can immediately o b t a i n t h e back-transfer time [ 4 1 : * where A i s t h e Richardson c o n s t a n t , m i s t h e e f f e c t i v e mass, m i s t h e f r e e -e l e c tt r o n mass, $ i s t h e p o t e n t i a l c r e a t e d by t h e donors i n t h e A1 x Ga 1-x A s , and Nc i s t h e d e n s i t y of s t a t e s i n AlxGal-xAs.
For e@/kTL 5 2 , t i s about 10-I* s, and t h e r e f o r e t h e t r a n s f e r speed i s a l s o determined by t h e h e a t i n g and cooling time and t h e time needed t o r e p l e n i s h e l e c t r o n s with high enough k i n e t i c energy t o overcome t h e b a r r i e r . Both time c o n s t a n t s a r e determined by c o l l i s i o n r a t e s and a r e about 5 x 10-l2 s. A c o r r e c t i o n f a c t o r of L / A must be introduced f o r A > Ll. 1 ph ph The t r a n s f e r out of t h e GaAs i s a l s o dominated by t h e time c o n s t a n t i n Eq. (7). W e only have t o r e p l a c e @ by t h e band edge d i s c o n t i n u i t y and t h e l a t t i c e temperature T by t h e a c t u a l temperature of t h e c a r r i e r s T which is much l a r g e r than TL i n high L f i e l d s .
Even i f T can be defined (high e l e c t r o n -e l e c t r o n s c a t t e r i n g r a t e ) t h e a c t u a l c a l c u l a t i o n i s s t i l l n o t s t r a i g h t f o r w a r d because of t h e presence of t h e i n t e r f a c e and e l e c t r o n i c h e a t conduction e f f e c t s [61. Also,we have t o account f o r t h e two-dimensional n a t u r e o f t h e e l e c t r o n s a t low f i e l d s .
Roughly speaking,
however, we can expect t h a t T is h i g h enough f o r t h e t r a n s f e r a t about t h e same ( o r a l i t t l e smaller) c r i t i c a l f i e l d which causes t h e Gunn e f f e c t , s i n c e p o l a r o p t ic a l s c a t t e r i n g e x h i b i t s a s t e e p i n c r e a s e of T a t t h i s f i e l d ( a s l i g h t l y h i g h e r C7-I0 JOURNAL DE PHYSIQUE f i e l d f o r two-dimensional systems [12]). We a r e now l e f t w i t h t h e d e s c r i p t i o n of t h e t r a n s f e r mechanism i t s e l f . I n a s i n g l e -l a y e r s t r u c t u r e we have t o c a l c u l a t e t h e quantum mechanical t r a n s m i s s i o n c o e f f i c i e n t 1191 which i s zero i f t h e e l e c t r o n energy i s below A E and approaches one a t e n e r g i e s s u b s t a n t i a l l y h i g h e r than AEc.
A t 1.25 A E it i s about 0.6 [I91 i f t h e Bloch-nature of t h e wave f u n c t i o n i s taken i n t o account. I n a s u p e r l a t t i c e t h e e l e c t r o n does n o t need t o reach AE t o propag a t e ; it needs o n l y be e x c i t e d t o t h e conduction band among t h e minibands. A Monte Carlo simulation which i n c l u d e s most of t h e e f f e c t s discussed above (except t h e twodimensional e f f e c t s [ 2 0 ] ) was performed and t h e r e s u l t i n g c u r r e n t -v o l t a g e characteri z a t i o n i s shown in Fig. 4 , which a l s o shows t h e r e a l space t r a j e c t o r y o f an e l e ct r o n in t h e i n s e t . The f i g u r e shows c l e a r l y t h a t t h e curves can be t a i l o r e d by t h e doping c o n c e n t r a t i o n s u b s t a n t i a l l y . D e t a i l s about t h e dependences on x , AEc, e t c .
can b e found i n r e f . 151. 
Fig. 4: Current-field c h a r a c t e r i s t i c s f o r t h e double-heteroj u n c t i o n s t r u c t u r e shown i n t h e i n s e t with AlxGal_,As d e n s i t i e s
of 1017 cm-3 (p = 4000 cm /Vs) and 1020m-3 (u = 50 cm2/vs).
The t h i c k n e s s of t h e AlGaAs l a y e r i s 4000 2 and t h e GaAs is 400 8 t h i c k and h a s 1 1 = 8000 cm2/vs i n b o t h c a s e s . The i n s e t shows a Monte Carlo simulation of t h e p a t h of an e l e c t r o n when a h i g h e l e c t r i c f i e l d i s a p p l i e d p a r a l l e l t o t h e l a y e r i n t e r f a c e s .
I have described t h e n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e by real-space t r a n s f e r in g r e a t e r d e t a i l because it h a s meanwhile been v e r i f i e d experimentally. Actually + t h e e f f e c t i s only one of many e f f e c t s which can be derived from k-space-real-space analogies.
The i n t e r v a l l e y n o i s e in Gunn d e v i c e s h a s a r e a l space analogy which can b e important i n charge coupled d e v i c e s [ Z l ] . The i n t e r v a l l e y d i f f u s i o n ( s p r e a d of charge packet because of d i f f e r e n t e f f e c t i v e masses i n d i f f e r e n t v a l l e y s ) h a s a r e a l -s p a c e analogy i n s u p e r l a t t i c e s a t v e r y h i g h f i e l d s ( s p r e a d of charge packet because of d i f f e r e n t m o b i l i t i e s i n d i f f e r e n t l a y e r s ) . There i s a l s o a r e a l -s p a c e analogy t o t h e s p l i t band impact i o n i z a t i o n resonance which I would l i k e t o o u t l i n e i n more d e t a i l because of i t s p o s s i b l e d e v i c e a p p l i c a t i o n .
The s i g n a l / n o i s e r a t i o of avalanche photodiodes (APD) i s i n f l u e n c e d s i g n i f ic a n t l y by t h e s t a t i s t i c s of t h e g a i n p r o c e s s and because of feedback e f f e c t s more n o i s e i s g e n e r a t e d when b o t h e l e c t r o n s and h o l e s produce secondary p a i r s . The
lowest e x c e s s n o i s e i s achieved in APDs i f t h e r a t i o o f t h e e l e c t r o n i o n i z a t i o n r a t e (a) t o t h e i o n i z a t i o n r a t e of h o l e s (B) i s e i t h e r i n f i n i t e ( e l e c t r o n m u l t i p l i c a t i o n only) o r z e r o ( h o l e m u l t i p l i c a t i o n o n l y ) . A p o s s i b i l i t y of a c h i e v i n g t h i s i s o f f e r e d by t h e s p e c i f i c band s t r u c t u r e o f GaxAll-xSb. I n t h i s m a t e r i a l it happens a t a c e r t a i n composition t h a t t h e s p l i t o f f v a l e n c e band i s s e p a r a t e d from t h e t o p of t h e v a l e n c e band j u s t by t h e amount of t h e energy gap. T h e r e f o r e h o l e s a t t h e maximum of t h e s p l i t b a n d a r e a b l e t o impact i o n i z e . I n s u f f i c i e n t l y h i g h e l e c t r i c f i e l d s h o l e s w i l l p o p u l a t e t h e s p l i t b a n d because of i n t e r b a n d phonon s c a t t e r i n g . The e l e c t r o n s which a r e a b l e t o impact i o n i z e , however, do n o t have any s t a t e s n e a r k = 0 and t h e r e f o r e need a much h i g h e r energy t o impact i o n i z e t h a n t h e h o l e s as d i c t a t e d by b o t h t h e c o n s e r v a t i o n o f energy and momentum. The r e a l -s p a c e analogy t o t h i s e f f e c t i s caused by t h e asymmetric band edge d i s c o n t i n u i t y f o r e l e c t r o n s A E and f o r h o l e s AEv. Consider an
e l e c t r o n a t an energy of 1.5 eV i n A l A s e l e c t r o n s t r a n s f e r r i n g t o GaAs i n a l a y e r e d s t r u c t u r e . A s soon a s t h e e l e c t r o n h a s t r a n s f e r r e d it f i n d s i t s e l f -2 . 3 eV above t h e GaAs conduction band edge and can t h e r e f o r e impact i o n i z e ( t h e t h r e s h o l d i s around 2 eV) w h i l e a h o l e w i t h s i m i l a r h i s t o r y would b e o n l y -1.65 eV below t h e t o p of t h e GaAs v a l e n c e band and could n o t c o n t r i b u t e t o impact i o n i z a t i o n . Device s t r u c t u r e s t o e x p l o i t t h i s e f f e c t have been proposed 1221.
Let me f i n a l l y emphasize t h a t t h e v a r i e t y of a c h i e v a b l e e f f e c t s by r e a l -s p a c e t r a n s f e r can be s u b s t a n t i a l l y i n c r e a s e d i f t h e l a y e r s can b e h e a t e d s e p a r a t e l y [ 3 ] .
Switching and s t o r a g e between t h e l a y e r s w i t h t i m e c o n s t a n t s r e a c h i n g from h o u r s t o 10-'I s e c should b e p o s s i b l e ( s e e Eq. ( 7 ) ) . T h i s makes t h e e f f e c t a t t r a c t i v e f o r d i g i t a l a p p l i c a t i o n s .
Experimental R e s u l t s
Some e x p e r i m e n t a l r e s u l t s f o r t h e Ohmic and f o r t h e warm e l e c t r o n r a n g e have a l r e a d y been p r e s e n t e d i n t h e p r e v i o u s c h a p t e r . More d e t a i l e d a c c o u n t s can be found i n r e f s . 113,171.
R e s u l t s f o r t h e hot e l e c t r o n range a r e shobm Ln Fig. 5 . These r e s u l t s a r e r e p r e s e n t a t i v e f o r measurements on many wafers of d i f f e r e n t geometry and doping p r o f i l e s . The m a t e r i a l parameters and dimensions of t h e samples which were prepared by l l o l e c u l a r Beam E p i t a x y a r e a s follows. The doping d e n s i t y in t h e 
: Experimental and t h e o r e t i c a l r e s u l t s f o r t h e current-voltage c h a r a c t e r i s t i c s of a modulation doped (ND = 1017 cm-3 i n t h e
AlO, 1 7Ga0. e3As) s t r u c t u r e . Note t h e v e r y weak n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e i n b o t h t h e o r y and experiment.
(After Keever e t a l . [ 2 3 ] )
AlxGaldxAs l a y e r s was N = 10 D l7 cm-3 and t h e GaAs was not i n t e n t i o n a l l y doped. The m o b i l i t y i n t h e GaAs l a y e r s was enhanced o v e r t h e bulk v a l u e f o r e q u i v a l e n t doping 2 and was t y p i c a l l y 2 x lo4 cm / V s a t 77 K. The m o b i l i t y in t h e A 1 Gal_As l a y e r s was 2 around 1000 cm / V s between 300 and 77 K. The doped A 1 Gal-xAs l a y e r was 1000 8 X t h i c k i n a l l c a s e s , whereas t h e GaAs l a y e r s v a r i e d in t h i c k n e s s from 400 8 t o -1 . 0 um. I n some of t h e samples t h e GaAs l a y e r was sandwiched between t h e doped and a second (undoped) AlxGa A s l a y e r . As mentioned b e f o r e , we t h i n k t h a t t h e 1-x a c t u a l width of t h e GaAs l a y e r i s r e l a t i v e l y unimportant because of t h e p u l l i n g f o r c e o f t h e donors, s i n c e t h e e l e c t r o n s in t h e G a A s w i l l always b e w i t h i n 1000 of t h e doped AlxGal-xAs l a y e r . Although x was 0.17 f o r most of t h e d a t a r e p o r t e d here, we have made s i m i l a r measurements w i t h x i n c r e a s e d t o 0.25.
Au-Ge c o n t a c t s were evaporated on t o p of t h e l a y e r ( t o p l a y e r AlxGa As) and a l l o y e d by h e a t i n g 1-x a t a r a t e of 400°c/min i n flowing H2 t o a f i n a l temperature of 450'~.
Contacts formed i n t h i s way proved t o be ohmic i n most cases.
The d i s t a n c e between t h e c o n t a c t s was 0.065 cm and t h e width of t h e samples was 0.1 cm. Recently we have a l s o used v e r y d i f f e r e n t geometries. Samples w i t h a c o n t a c t d i s t a n c e of -0.01 cm and a width of 0 . 1 cm and a l s o samples i n with t h e i n v e r s e l e n g t h t o width r a t i o did n o t show s i g n i f i c a n t l y d i f f e r e n t e f f e c t s . The measurements have been performed using standard s h o r t c u r r e n t p u l s e techniques [ 2 3 ] .
I n a l l samples used up t o now we have n o t observed Gunn o s c i l l a t i o n s . The reason f o r t h i s i s n o t e n t i r e l y understood. However, we can point out t h e following d i st i n c t d i f f e r e n c e s between real-space t r a n s f e r and t h e RWH mechanism. There i s no l o c a l microscopic n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e in t h e Al Ga A s a t t h e e l e c t r i c x 1-x f i e l d s considered. Accumulation (and t h e r e f o r e d i p o l e ) domains cannot b e formed because accumulating e l e c t r o n s would be e m i t t e d out of t h e GaAs. The t o t a l l a c k of any kind o f i n s t a b i l i t y , however, does n o t n e c e s s a r i l y f o l l o w from t h e s e arguments and might be connected w i t h f i x e d i n t e r f a c e inhomogeneities a t which t h e e l e c t r o n s s p i l l o u t f i r s t and w i t h t h e f a c t t h a t t h e l a y e r s a r e extremely t h i n and t h e s e n s it i v i t y of t h e Gunn i n s t a b i l i t y t o t h e dimensionality [ 2 4 ] . of n o t i n t e n t i o n a l l y doped GaAs. The s u r f a c e c o n d i t i o n s and t h e A1 GalmxAs t h i c k -X n e s s was changed i n t h e s e samples by subsequent etching.
It was observed t h a t t h e Ohmic c o n d u c t i v i t y h a r d l y changed w h i l e d r a s t i c changes appeared i n t h e h i g h f i e l d
conductance. T h i s i s a very s t r o n g argument f o r t h e a c t u a l t r a n s f e r of t h e e l e ct r o n s i n t o t h e A1 Gal-xAs. Generally, t h e v a r i e t y of changes of t h e current-voltage X c h a r a c t e r i s t i c which i s observed i n samples w i t h d i f f e r e n t doping makes it appear t h a t new e f f e c t s occur i n t h e s e s t r u c t u r e s and t h a t t h e n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e s and c u r r e n t s a t u r a t i o n s observed a r e not merely caused by t h e Gunn e f f e c t i n t h e GaAs l a y e r . A more d i r e c t proof of t h e r e a L s p a c e t r a n s f e r e f f e c t can C7-14 JOURNAL DE PHYSIQUE p o s s i b l y b e achieved by picosecond spectroscopy and/or t i m e of f l i g h t measurements.
I n t h e experiments described above inhomogeneities of t h e e l e c t r i c f i e l d w i l l mask t h e t r u e microscopic c h a r a c t e r i s t i c i n t h e range of n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e . Estimates of t h i s e f f e c t a r e d i f f i c u l t because t h e continuum approximation f o r t h e impurity charge and t h e band bending is n o t good.
(The spacing of t h e i m p u r i t i e s i s of t h e o r d e r of t h e l a y e r width.) The form of t h e c u r r e n t v o l t a g e c h a r a c t e r i s t i c a l s o depends s e n s i t i v e l y on whether f r e e charge c a r r i e r s a r e l e f t in i n t h e AlxGalPxAs o r i f t h e AlxGa As is e n t i r e l y depleted. T h i s i s shown i n 1-x Fig. 7 . The curve which shows t h e s a t u r a t i o n was measured on a sample which had no o r v e r y few e l e c t r o n s i n t h e A1 Ga
As while t h e second curve (almost ohmic) was taken from a sample w i t h e l e c t r o n s l e f t i n t h e AlxGa A s l a y e r . I n t h i s case t h e 1-x only appearance of t h e r e a l space t r a n s f e r i s given by t h e s l i g h t change i n s l o p e a t high e l e c t r i c f i e l d s ( s e e i n s e t of Fig, 7 ) . I n a few samples w e have observed a n e g a t i v e d i f f e r e n t i a l r e s i s t a n c e w i t h extremely high peak-to-valley r a t i o . I n t h e s e samples t h e m o b i l i t y i n t h e AlxGal-xA~ was probably very low while t h e GaAs m o b i l i t y was s t i l l v e r y high. A r e p r e s e n t a t i v e r e s u l t i s given i n : Experimental c u r r e n tv o l t a g e c h a r a c t e r i s t i c of modulation-doped s t r u c t u r e w i t h extremely h i g h peak-t ov a l l e y r a t i o . Only two samples e x h i b i t e d such l a r g e e f f e c t s p o s s i b l y because of a v e r y low m o b i l i t y i n t h e A10.17Ga0.83As ( h i g h compens a t ion) .
Conclusions
It h a s been shown t h a t l a t e r a l t r a n s p o r t i n s u p e r l a t t i c e s o f f e r s new f e a t u r e s i n t h e Ohmic range, t h e warm e l e c t r o n r a n g e , and e s p e c i a l l y a t h i g h e l e c t r i c f i e l d s when t h e average energy of t h e e l e c t r o n i s comparable t o t h e band edge d i s c o n t i nu i t y . I n t h e Ohmic range, h i g h m o b i l i t i e s can be achieved by modulation doping.
The e f f e c t s a r e e s p e c i a l l y d r a m a t i c a t low t e m p e r a t u r e s . I n t h e range of warm e l e c t r o n s , s t r o n g e r d e v i a t i o n s from Ohm's law o c c u r a s compared t o b u l k m a t e r i a l .
Also t h e e l e c t r o n d e n s i t i e s a r e extremely high, making t h e e l e c t r o n -e l e c t r o n i n t e ra c t i o n i m p o r t a n t . I n t h e h o t e l e c t r o n range t h e e l e c t r o n s l e a v e t h e i r h o s t l a y e r (GaAs) and r e u n i t e e i t h e r w i t h t h e i r p a r e n t donors o r p o p u l a t e a neighboring c o l d l a y e r ( i f no e l e c t r i c f i e l d i s a p p l i e d t o t h i s l a y e r ) which a c t s a s a s i n g l e g i a n t e l e c t r o n t r a p [ 3 ] . The s w i t c h i n g and b a c k -t r a n s f e r time c o n s t a n t s depend exponent i a l l y on t h e composition x and on t h e doping, a s can b e seen from Eq. ( 7 ) . There--12 f o r e , time c o n s t a n t s r a n g i n g from 1 0 s e c t o many seconds and even y e a r s ( a t low temperatures) can be a d j u s t e d a t w i l l . The e f f e c t should be a t t r a c t i v e f o r switchi n g a p p l i c a t i o n s of v a r i o u s kinds. Furthermore, I have shown t h a t a g e n e r a l c o r r e -
spondence e x i s t s between t r a n s p o r t e f f e c t s i n k-space and r e a l -s p a c e . W e have demonstrated t h e use of t h i s correspondence i n problems of n o i s e [ 2 1 ] and impact i o n i z a t i o n [ 2 2 ] e t c . , i n a d d i t i o n t o t h e u s e f o r Gunn-like r e a l -s p a c e t r a n s f e r d e v i c e s and s w i t c h i n g a p p l i c a t i o n s . A l l t h e s e e f f e c t s a r e consequences of t h e complicated boundary c o n d i t i o n s imposed (be t h e y p e r i o d i c o r n o t ) . It i s e x a c t l y t h e l a r g e v a r i a b i l i t y of t h e boundary c o n d i t i o n s which make l a y e r e d h e t e r o j u n c t i c n s t r u c t u r e s so a t t r a c t i v e f o r t r a n s p o r t a s d e s c r i b e d h e r e a s w e l l a s f o r o p t o e l e ct r o n i c s [26 I .
